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In this letter, we investigate the effect of station distribution (including the number and azimuthal gap of
stations) upon location error based on the ﬁeld data observed at Northern California Seismic Network (NCSN)
using a double-difference earthquake location algorithm and a bootstrap method. The earthquakes relocated by all
117 stations are set as reference and the error of location is deﬁned as the RMS of the difference to the reference.
We ﬁnd that the location error has a nonlinear relationship with the distribution of stations. The results may be
used as guidelines for building seismic network.
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1. Introduction
The effect of the distribution of seismic stations upon
the location error and optimizing seismic network has long
been an important issue in seismology. To study the focal
mechanism, strong ground motion and seismic disaster as-
sessment, and to make accurate predictions on the seismic
tendency after strong earthquakes, it is required to set up a
dense seismic network to observe aftershocks. The most ac-
curate hypocenter can be obtained for events inside dense,
local networks. The portable digital seismographs are gen-
erally combined to improve detective capability of the cur-
rent permanent network. However, it is unrealistic to cost-
effectively set up many portable seismographs close to the
hypocenter in a short period of time. Therefore, as an op-
timization problem in engineering, the location error needs
to be estimated with a given number of stations and their
azimuthal gap (the largest open azimuth between recording
stations) beforehand.
In recent years, there has been considerable interest
among seismologists in assessing the potential resolution
capability of seismic networks. Kijko (1977) suggested ap-
plying ideas from optimal experimental design to the prob-
lem of seismographic conﬁguration. Rabinowitz and Stein-
berg (1990) studied optimal conﬁguration of networks us-
ing a statistic approach. Hardt and Scherbaum (1994) de-
signed optimum networks for observing aftershocks using
simulated annealing. Bartal et al. (2000) simulated error
ellipse by using genetic algorithm and differential evolu-
tion technique. Bonda´r et al. (2004) established location
accuracy criteria based on bulletin data and Monte Carlo
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simulations of network geometry. This letter studies the ef-
fect of distribution of stations upon the location error using
the commonly used double-difference earthquake location
algorithm (Waldhauser and Ellsworth, 2000) and the boot-
strap method (Efron, 1979, 1982; Marcello et al., 2001).
Contrast to the above studies that are purely based on syn-
thetic data, our study uses real seismic data observed at
Northern California Seismic Network (NCSN).
2. Method, Data and Statistical Tests
2.1 Method
The double-difference algorithm is an efﬁcient method to
precisely determine relative hypocenter locations. It min-
imizes residuals between observed and theoretical travel-
time differences for pairs of earthquakes observed at a com-
mon station. When the data recorded by nearby stations
are available, the algorithm gives accurate relative locations
of earthquakes, which is quite different from other rela-
tive location methods (Zhang et al., 2005). A remarkable
feature of the double-difference algorithm is the distance-
weighting factor, which can exclude data from event pairs
far apart. However, this weighting factor fails to do so in
some instances and the data far apart can still be correlated
in the inversion via a series of intermediate pairs (Zhang
and Thurber, 2003).
The bootstrap method is used to estimate generaliza-
tion error based on resampling. Our attention is focused
on questions concerning the probability distribution of sta-
tions. The distribution of stations is stochastic for a certain
earthquake. To obtain reliable standard errors, it is neces-
sary to resample from the original data to create replicate
datasets. The bootstrap method can be employed to imple-
ment resampling in nonparametric or in parametric mode.
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Fig. 1. Stations of NCSN (open triangles) used as population from which
the statistical resamplings are taken. The asterisk indicates the location
of earthquake sequence, which is also shown in the map inset in the
lower left.
2.2 Data
There were 308 earthquakes recorded from 117 stations
of the NCSN on the Northern Hayward fault between 1984
and 1997 (Fig. 1). The data consisted of both cross-
correlation and catalog P- and S-wave. Stations were dis-
tributed within about 100 km from epicenters. The resolu-
tion of relocations using all 117 stations is about 0.21 km
in the north-south direction, 0.23 km in the east-west direc-
tion, and 1.20 km in depth.
2.3 Experiments
Two statistical tests were implemented in this study: the
ﬁrst one focuses on the effect of the number of stations and
(a) (b)
Fig. 2. (a) A subset of 40 stations. (b) A subset with an azimuthal gap of 100◦. The asterisk indicates the location of earthquake sequence. Open
triangles denote the stations of Northern California Seismic Network.
the second one deals with the effect of azimuthal gap of
stations.
For the ﬁrst test, 50–250 iterations may be needed to ob-
tain a stable result (Efron, 1982), if the population is rather
large. In our implementation, we use 100 sampling itera-
tions for each test, which shows a stable RMS (root mean
square) residual. We gradually decrease the number of sta-
tions from a total number of 117 down to 4 and observe the
change of the location error. Figure 2(a) shows a subset of
40 stations.
In the second test, there are 12 subsets in the angle of
360◦ if we sample with an interval of 30◦. According to the
ergodic hypothesis in statistics, we use 12 sampling itera-
tions for each test since the azimuthal gaps we discussed in
this study are larger than or equal to 30◦. Figure 2(b) shows
a subset with an azimuthal gap of 100◦.
3. Results
3.1 The criteria to assess the location error
We use two kinds of criteria to assess the location error:
one is the number of earthquakes that can be relocated with
a small RMS residual. Another criterion is the errors in
longitude, latitude and depth of relocated earthquakes. The
earthquakes relocated by all 117 stations are set as refer-
ence and the error of location is deﬁned as the RMS of the
difference to the reference.
3.2 The effect of the number of stations
This study shows that the location error decreases with
increasing number of stations. The randomly sampling
is repeated 100 times, and the cumulative results for 308
events (100∗308 samples) are presented in Fig. 3. Ellipses
are derived from their distribution and contain 95% of the
points. When the number of stations increases to 15, the
number of relocated earthquakes is about 290 in average,
which approaches 95% of the total number of 308 events to
be relocated (Fig. 4(a)), and the resolution were improved
to less than 0.5 km for epicenters and 1.0 km for depths
(Fig. 4(b), (c) and (d)). The log-log and semi-log plots of
the results indicate that the location error can be expressed
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Fig. 3. Bootstrap analysis of the RMS of the difference to the reference with station’s number of (a) 4, (b) 20, (c) 60 and (d) 100. Top panels show map
view and lower panels show E-W cross section for all bootstrap samples (100∗308 samples). Ellipses contain 95% of the points.
Fig. 4. Mislocation versus number of stations. In each case the median and spread with a percentage conﬁdence of 95 are plotted. Curves linked median
values. The arrows indicate the critical points. The horizontal axis is the number of stations. The vertical axis is (a) the number of earthquakes that
can be relocated, and errors (b) in the N-S direction, (c) in the E-W direction and (d) in depth relative to reference in meter, respectively.
Fig. 5. Bootstrap analysis of the RMS of the difference to the reference with azimuthal gap of (a) 330◦, (b) 240◦, (c) 150◦ and (d) 30◦. Top panels show
map view and lower panels show E-W cross section for all bootstrap samples (12∗308 samples).
in a power law form when the number of stations is small,
and the errors stay almost constant when the number of sta-
tions is larger than the critical point of 15.
3.3 The effect of azimuthal gap of station
Figures 5 and 6 show the relationship between the az-
imuthal gap and the location error. The location errors
decrease with decreasing azimuthal gap. The randomly
sampling is repeated 12 times, and the cumulative results
(12∗308 samples) are presented in Fig. 5. Ellipses con-
tain 95% of the points as in Fig. 3. When the azimuthal
gap decreases to 210◦, the number of relocated earthquakes
is about 300 (Fig. 6(a)), and the resolution becomes stable
in the horizontal direction and less than 1.0 km in depth
(Fig. 6(b), (c) and (d)). In log-log and semi-log plots, the
location errors can be expressed as a power law form of the
azimuthal gap when the azimuthal gap is large, and the er-
rors tend to be stable when the azimuthal gap is smaller than
critical point of 210◦.
The stations used in this study are distributed in the NNW
direction along the coastal line, which might cause the lo-
cation error in longitude larger than that in latitude. The
location error in depth is rather large due to the fact that its
resolution depends not only on the distribution of stations,
but also on the velocity model and the type of seismic phase
to be used.
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Fig. 6. Mislocation versus the azimuthal gap of stations. The horizontal axis is the azimuthal gap. Other symbols are the same as in Fig. 3.
4. Concluding Remarks
In this letter, we discussed the effect of the distribu-
tion of stations upon location error using the data observed
at Northern California Seismic Network (NCSN) and the
methods of double-difference and bootstrap. The earth-
quakes relocated by all 117 stations are set as reference and
the error of location is deﬁned as the RMS of the difference
to the reference. One of the interesting results is that the
location error has nonlinear relationship with the distribu-
tion of stations. If we take the status parameters of station
distribution (number and azimuthal gap of stations) as inde-
pendent variables, and the number of earthquakes that can
be relocated with a given small RMS residual, the relative
mislocations in latitude, longitude and depth as dependent
variables, the results can be expressed in a power law form
between the independent variables and the dependent vari-
ables. Figures 4 and 6 show a critical point in the above
relationship. To the one side of the critical point, i.e., the
number of stations is large or the azimuthal gap of stations
is small, the dependent variables tend to be stable, and to
the other side of the critical point the curves show power
law relationship.
Bonda´r et al. (2004) created a ‘ground truth’ GTXC percent
classiﬁcation that uses X to designate location accuracy in
kilometer (the true epicenter lies within ‘X’ km of the esti-
mated epicenter) and the subscript “C percent” to designate
the percentage conﬁdence. We modiﬁed the GTXC percent
classiﬁcation to REXC percent, which represents the refer-
ence error (the epicenter lies with in ‘X’ km of the epi-
center of reference). The conﬁdence interval in Figs. 4
and 6 can be expressed as REX95 percent. We found that
the relative hypocenter error, including focal depth can
reach RE195 percent and the relative epicenter error can reach
RE0.595 percent if the distribution of stations satisﬁes the fol-
lowing conditions:
(1) There are at least 15±2 stations within 100 km around
the epicenter;
(2) The azimuthal gap is small than 210◦±15◦.
The accuracy will not improve much with increasing
number of stations or decreasing their azimuthal gap as long
as the above conditions are satisﬁed. In fact, the problem of
earthquake location can be explained with the percolation
theory (Zallen, 1978) and the above results are comprehen-
sible with this theory.
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